Argonaute (Ago) proteins are the key component of the RNAinduced silencing complex and mediate RNA interference (RNAi) in association with small RNAs. Although overall the mechanism of RNAi is well understood, many molecular details of this complex process are not. Here we report about in-depth steady-state and, in particular, pre-steady-state characterization of siRNA binding, target RNA recognition, sequence-specific cleavage and product release by recombinant human Ago 2 (hAgo2). In combining our biochemical studies with crystal structures of bacterial Ago proteins and of recently released hAgo2, we relate kinetic data to conformational changes along the pathway and propose a comprehensive minimal mechanistic model describing fundamental steps during RNAi. Furthermore, in contrast to the current conception, our hAgo2 preparations are programmable with double-stranded siRNA. Accordingly, the system investigated represents a functional minimal RNA-induced silencing complex.
R
NA interference (RNAi) (1) is a highly specific mechanism to control gene expression on the posttranscriptional level. It is involved in the regulation of presumably 30% of human genes (2, 3) and plays a role in central processes such as hematopoiesis, embryogenesis, cell differentiation, proliferation, and programmed cell death (4) (5) (6) (7) (8) (9) . RNAi displays extraordinary specificity that is mediated by Watson-Crick base-pairing between a RNAinduced silencing complex (RISC)-bound small RNA and the incoming target mRNA molecule. These small RNAs are 19-to 25-nt-long double-stranded (ds) short interfering (si)RNAs, derived from processing of long ds precursor molecules by the RNase III Dicer (10) (11) (12) . Together with an Argonaute (Ago) protein and a dsRNA binding protein, Dicer is proposed to be part of the RISC loading complex (13) , which transfers the siRNA to the effector enzyme of the complex, Ago2 (14, 15) . For RISC activation, the siRNA passenger strand needs to be removed, while the guide strand is loaded into Ago2 (16) (17) (18) (19) (20) (21) . Guided by the small RNA, Ago2 can now bind a complementary target mRNA and inhibit its translation by endonucleolytic cleavage at a specific site opposite of nucleotides 10 and 11 of the guide strand, a process called slicing (11) . After release of the cleaved products, RISC can perform multiple rounds of cleavage (22) (23) (24) . Several X-ray structures of truncated versions of eukaryotic Ago proteins (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) , archaebacterial Ago proteins (35, 36) , and especially of Thermus thermophilus Ago (Tt-Ago) with guide DNA and ternary complexes with target RNAs of varying length provided valuable conclusive insights concerning crucial steps during the enzymatic cycle (37) (38) (39) . However, the biological role of the prokaryotic proteins remains unclear. Recently, two structures of binary human Ago2 protein (hAgo2)/ small RNA complexes were published (40, 41) . Ago2 is the only member of the human Ago family with slicer activity (14) and is, like any other known Ago protein, composed of four defined domains, N-terminal, Piwi/Ago/Zwille (PAZ), Mid, and P-element induced wimpy testis (PIWI), connected by two linker domains that are arranged in two lobes (42) . A comparison with the prokaryotic family members reveals a strikingly similar overall structural arrangement with some differences concerning the relative positions of the two lobes and several insertions not found in prokaryotic Agos. Accordingly, it is quite conceivable that conclusions drawn from bacterial proteins are also applicable to the eukaryotic counterparts.
In the binary complex of Ago2 and guide strand, the 3′ end of single-stranded (ss) RNA is bound to the PAZ domain (25, 26, 28, 29, 40, 41) , and the 5′-phosphate is anchored within a binding pocket in the Mid domain (30, 31, 40, 41, 43) . For Tt-Ago, it could be shown that the 3′ end of the guide RNA is released from the PAZ domain upon target binding, whereas the 5′ end stays attached to the Mid domain (39) . Enzymatic activity is mediated by the C-terminal PIWI domain, which resembles the catalytic triad of three carboxylate groups of RNase H (24, 35, 36, 44) . These amino acid residues coordinate the essential metal and activate water molecules for nucleolytic attack. Interestingly, a fourth residue was recently identified in the budding yeast Kluyveromyces polysporus Ago1 (45) , completing the DEDX catalytic tetrad observed in RNase H (46) . Depending on whether the 3′ end of the guide strand is bound or released from the PAZ domain, this glutamate residue can be found in an unplugged or plugged-in conformation and might work as regulatory switch important for specificity. Equivalent residues are also found in Tt-Ago and hAgo2.
According to current conceptions, recombinant hAgo2 alone is not considered as a fully functional RISC because loading and consecutive target slicing could not be observed with a ds siRNA in vitro as opposed to cell lysates. This finding implies that important Significance Argonaute (Ago) proteins are the key component of the RNAinduced silencing complex (RISC) and mediate RNA interference (RNAi) in association with small RNAs. Although overall the mechanism of RNAi is well understood, many molecular details of this complex process are not. The implementation of presteady-state kinetic techniques enabled us to develop a comprehensive minimal mechanistic model for human Ago 2 (hAgo2)-mediated target RNA binding and cleavage, dissecting binary as well as ternary complex formation and target RNA cleavage into individual substeps. The model presented provides in-depth insights into the complicated interplay of hAgo2 with small RNAs and corresponding target molecules, which in combination with available X-ray structures will eventually lead to better understanding of the underlying mechanisms of RNAi.
cofactors like Dicer and/or HIV-1 transactivating response RNAbinding protein (TRBP) might be missing (14, 47) .
Here we analyzed the kinetics of the assembly of catalytically competent ternary complexes composed of hAgo2-guide and target RNAs. Structural information derived from crystal structures of hAgo2 and bacterial Ago proteins enabled us to relate transient kinetic data to conformational changes, leading to a previously undescribed comprehensive minimal mechanistic model for hAgo2-mediated target RNA binding and cleavage. The model presented provides in-depth insights into the complicated interplay of hAgo2 with small RNAs and corresponding target molecules, which eventually will lead to better understanding of the underlying mechanisms of RNAi and could also be useful as a platform for testing various therapeutically interesting oligonucleotides in vitro.
Results

Kinetic Analysis of Binary Complex Formation Reveals Three Distinct
Binding Steps. Complex formation between recombinant hAgo2 and different RNA substrates was initially analyzed under equilibrium conditions by using a fluorescence spectrometer. After careful examination of different Tt-Ago/substrate complexes (37-39) as a reference, position 14 of a 21-mer RNA guide strand (calculated from the 5′ end) was originally selected for fluorescence labeling with fluorescein (SI Appendix, Fig. S3 ). All oligonucleotide sequences used in the present study are listed in Table 1 Table 2 ).
Pre-steady-state binding kinetics were analyzed by using a stopped-flow apparatus and otherwise the same experimental setup. For a general overview, see SI Appendix, Table S1 , which lists each individual transient binding experiment performed in this study, including binding partners, observed rate constants, corresponding proposed binding steps, and associated figure, if available.
For all three substrates, the data we obtained could be fitted best to an equation with three exponential terms ( Fig. 2A , Table  2 , and SI Appendix, Table S1 ). The fast first phase was dependent on the hAgo2 concentration, whereas the two slower ones were not. The concentration dependence of the first phase of RNA binding (observed pseudo-first-order rate constant) with hAgo2 is shown in SI Appendix, Fig. S4 , respectively-i.e., diffusion-controlled formation of a collision complex. The remaining association rate constants (phases 2 and 3), as well as the rates for the other two substrates analyzed, are summarized in Table 2 Table S1 , Exp. 4 and 5). To unambiguously demonstrate that the third phase indeed represents binding of the guide strand to the PAZ domain, we used the so-called hAgo2-PAZ9 mutant. This mutant contains nine point mutations within the PAZ domain of Ago2 and was reported to show a substantially reduced ability to interact with small RNAs or to cleave target mRNAs (48)-a finding confirmed by our results. Performing transient binding studies with hAgo2-PAZ9, we could, as expected, no longer observe the third phase of binary complex formation (SI Appendix, Fig. S13) .
Dissociation of the binary complexes was analyzed by performing individual stopped-flow experiments (SI Appendix, Fig.  S5 and Table S1 , Exp. 8-11). Here, reassociation was blocked by the addition of a large excess of unlabeled competitor RNA. As for the association reaction, we observed three distinct phases. The corresponding data are summarized in Table 2 . Analogous to the analysis of binary complexes, we used an equivalent experimental setup for investigating ternary complex formation. Depending on the individual question, different complementary 21-mer RNA strand combinations were used as specified for each particular experiment: guide/target (as2b FAM /s2b BHQ , s2b/as2b FAM , and as2b FAM /s2b). SI Appendix, Fig. S2B shows a graphical illustration of the different guide/target combinations used. Independent experiments showed that the corresponding target strands are cleaved at the expected position (i.e., between positions 10 and 11) by hAgo2. This finding clearly indicates that the complexes formed are functionally relevant ternary hAgo2/guide/target complexes. As ucg aag uac uca gcg uaa gTT ICAM-1-IVT ggg cga auu ggg ccc gac guc gca ugc ucc cgg ccg cca ugg ccg cgg gau uag ccg cag uca uaa ugg gca cug cag gcc uca gca cgu acc ucu aua acc gcc agc gga aga uca aga aau aaa uca cua gug cgg cc
Boldface letters indicate the position of the fluorescence label: *position of C6-linked 5/6-FAM; † BHQ1 quencher; ‡ Alexa
488
. Uppercase letters represent deoxynucleotides. The as2b matching sequence in ICAM-1-IVT is underlined. Unless otherwise indicated, all strands used as guide were 5′ phosphorylated. (38) , binding of the target strand to a binary hAgo2/ guide complex is solely mediated by Watson-Crick base pairingat least for a short target as used here.
Analysis of the binding reaction under pre-steady-state conditions (association as well as dissociation) revealed a three-step binding pathway similar to what has been observed for binary complex formation (Fig. 2B , Table 2 , and SI Appendix, Fig. S6 and Table S1 , Exp. 12 and 17). Dissociation experiments were performed with a large excess of a competitor RNA comprising either the target or, alternatively, the guide strand to prevent rebinding. The latter capturing released target from the ternary complex due to double-strand formation, while excess unlabeled target could bind to emerging binary complexes or even interact with the ternary complex by a strand invasion mechanism. Corresponding to this possible mechanism, we observed ∼10-fold acceleration of all three dissociation rate constants when using target rather than guide as competitor (SI Appendix, Fig. S7 and Table S2 ).
To relate the kinetically defined states to structural transitions observed for Tt-Ago/substrate complexes (39), we performed transient binding experiments with guide/target RNA combinations each carrying either 5′ or 3′ mismatches over a stretch of 10 or 11 bases (starting at the corresponding ends, not counting the TT overhangs). In both cases, we observed a concentrationdependent fast first phase-i.e., formation of a collision complex. However, mismatches in the 5′ region abolish the second phase, whereas mismatches in the 3′ region abolish the third phase (SI Appendix, Fig. S8 and Table S3 ). This observation strongly suggests that the rate constants k +2_ter and k +3_ter correspond to Watson-Crick base pairing within the seed region and release of the 3′ end from the PAZ domain, respectively. In case of a noncomplementary target, merely the first phase was observable (SI Appendix, Table S1 , Exp. 16). Furthermore, equivalent to what has been observed for the binary complex, using the hAgo2-PAZ9 mutant, we could no longer observe the third phase of ternary complex formation (SI Appendix, Fig. S13 ).
Functional Loading of Recombinant hAgo2 with ds siRNA. Initially, we performed cleavage assays using a ss guide RNA as described by others (24, 47) Fig. S9 ). As shown in Fig. 3 , the cleavage reaction almost went to completion over a period of 2 h with an amplitude of >90% and a k cleavage of 0.0004 s −1 . To address the question of whether this observed cleavage rate represents single or multiple turnover, we performed a trap experiment (SI Appendix, Fig. S10 ). Briefly, hAgo, guide (as2b), and 5′ 32 P-labeled target (s2b) were preincubated for 10 min in cleavage buffer containing 0.5 mM Mg 2+ . Cleavage reaction was triggered by increasing the Mg 2+ concentration to 2 mM in the presence or absence of a competitor RNA (ICAM-1-IVT-Reverse). In this particular setup, the matching sequence of ICAM-1-IVT-Reverse (SI Appendix, Fig. S10 ) is equivalent to the guide strand and consequently traps released targets (s2b). As a result, all cleavage events requiring dissociation of the target from ternary complexes followed by rebinding were blocked by the competitor. In the presence of the trap, no cleavage could be detected. Thus, despite a 40-fold excess of binary enzyme/guide complexes over target, we conclude that the observed cleavage rate of 0.0004 s −1 results from multiple enzymatic turnover. Apparently, not all Ago molecules are enzymaticallyactive, in part due to slight aggregation. Nevertheless, as mentioned in the legend of Table 2 , such enzymatically inactive protein is still capable of binary complex formation and To ease differentiation between corresponding rate constants of binary and ternary complex formation subscript "_bin" or "_ter" (e.g. k +1_bin versus k +1_ter , etc.) is added throughout the manuscript. Numbers to the left represent equilibrium measurements (K d_meas ). Numbers to the right were calculated from the corresponding association and dissociation rate constants (K d_cal ). Differences in K d values for binary complexes determined via equilibrium and pre-steady-state measurements most probably arise from a slight protein aggregation causing a reduced diffusion rate by fivefold to eightfold, leading to an underestimating of k +1_bin and thus higher K d values-an incident irrelevant under equilibrium conditions. In case of ternary complex formation, this effect is less pronounced as here most likely aggregated molecules do not contribute to complex formation (compare k +1_bin with k +1_ter ). Dissociation rate constants of the ternary complex were measured by using the guide strand as competitor (compare SI Appendix, Fig. S7A ). To prevent cleavage in case of ternary complexes, experiments were performed at Mg 2+ concentrations ≤0.5 mM. The numbers given are an average of at least three independent experiments. consequently competes for substrates, which in turn leads to a lower concentration of active complexes.
To our surprise, when performing the exact same experiment with a ds siRNA, we essentially observed the same results with a slightly reduced amplitude of ∼60% and k cleavage of 0.0001 s . By performing appropriate control experiments (i.e., changing the ratio of guide:passenger from 1:1-1:1.5), we were able to rule out the possibility that the observed cleavage reaction was due to contaminating ss guide RNAs. Furthermore, as shown in SI Appendix, Fig. S11 , passenger strand cleavage and release is a prerequisite for target cleavage. This observation contradicts earlier reports by others (14, 24, 47, 49) and strongly supports the concept that recombinant hAgo2 in the absence of any other RNAi-related proteins like Dicer or TRBP represents a functional RISC.
Product Release Is the Overall Rate-Limiting Step. As described above, the observed steady-state cleavage rate of ∼0.0004 s −1 is rather slow and most probably does not represent the chemical step (i.e., slicing reaction), which leads to the question of what the actual overall rate-limiting step is. Previously, product release has been proposed as this step (23, 24) . To experimentally resolve this issue, preannealed guide (s2b FAM )/target (as2b) RNA were preincubated with hAgo2 for 2 h at 37°C in the presence of 2 mM Mg 2+ to allow formation of ternary complexes and subsequent accumulation of target RNA cleavage products. Next, product release was analyzed in the presence of an excess of guide RNA, which prevents rebinding (SI Appendix, Fig. S12 ). The observed dissociation rate constant k obs of 0.0003 s −1 is more or less identical with the steady-state rate of target cleavage. Performing the equivalent dissociation experiment in the absence of protein, we could not observe any separation of the two nucleic acid strands over a period of >10 h, clearly showing that the process monitored is indeed product release from the ternary complex.
Discussion
The aim of the present study was to establish a comprehensive minimal mechanistic model for the hAgo2-catalyzed RNA slicing reaction. Structural information derived from crystal structures of eubacterial and archaebacterial Ago proteins, recently released hAgo2, and the hAgo2-PAZ9 mutant enabled us to definitely relate the kinetic data to conformational changes taking place upon binary and ternary hAgo2-guide and hAgo2-guide-target RNA complexes, followed by target cleavage and product release. The proposed pathway is depicted in Scheme 1.
Assemblies of both the binary and the ternary complex comprise at least three kinetically distinct binding steps, with the respective first steps representing a diffusion-limited collision complex formation. According to our current conception, the second and third step (k +2_bin and k +3_bin ) of binary complex formation represent anchoring of the guide strand 5′ end into the Mid binding pocket and binding of the guide strand 3′ end to the PAZ domain, respectively. This interpretation is supported by the following observations: (i) binding steps two and three are abolished in case of a bulky 5′ fluorescence label; and (ii) the back reaction of step two (k -2_bin ) is significantly accelerated both when an unphosphorylated guide or a ds siRNA is used. Recent hAgo2 structures (40, 41) underscore the importance of the 5′-phosphate for accurate binding to the Mid domain, as already observed for Tt-Ago (37) . In case of the ds substrate, it is conceivable that snapping back of the partially unwound 5′ end is energetically favored, leading to an accelerated dissociation rate. This hypothesis would also explain the ∼10-fold lower binding affinity of the hAgo2/siRNA complex compared with an ss guide RNA. (iii) The back reaction of step three (k -3_bin ) is in fact identical to the third step of ternary complex formation (k +3_ter ), indicating these rate constants might describe the same structural transition (see below). (iv) Finally, the results observed with the hAgo2-PAZ9 mutant, which unambiguously show the third step of binary complex formation (k +3_bin ), can be assigned to binding of the guide strand to the PAZ domain.
The second and third step (k +2_ter and k +3_ter ) of ternary complex formation represent seed pairing within the 5′ region of the guide followed by the release of the guide strand 3′ end from the PAZ domain, which in turn is a prerequisite for extended hybridization of the two RNA molecules and eventually leads to a catalytically competent complex. This interpretation is strongly supported by the finding that introduction of mismatches either in the 5′ or 3′ region of the guide/target hybrid completely abolished the corresponding phases k +2_ter and k +3_ter observed during stopped-flow measurements. When a nonmatching target was used, neither of the phases were observed. Moreover, as mentioned above, the dissociation and association rate constants k -3_bin and k +3_ter are essentially equal. A finding explained by the interpretation both phases represents dissociation of the guide strand 3′ end from the PAZ domain. Likewise, as outlined above, this interpretation is confirmed by the results obtained with hAgo2-PAZ9.
Interestingly, there are differences concerning the backward reactions k -2_bin and k -2_ter of binary and ternary complex formation between wild-type enzyme and the PAZ9 mutant. k -2_bin is ∼10-fold slower and k -2_ter is ∼10-fold faster compared with the wild-type enzyme. This observation might indicate that 3′-end binding of the guide strand to the PAZ domain also affects the interaction of the 5′ end of the guide RNA with the Mid domain, which in turn might lead to a stabilization or destabilization of the corresponding strand (guide or target), possibly due to additional or missing interactions within the nucleic acid binding cleft of Ago or conformational rearrangements not taking place in the absence of a guide 3′ end interaction with the PAZ domain.
Intriguingly, there is a difference of more than two orders of magnitude in binding affinity of hAgo2/guide/target or hAgo2/ guide/passenger complexes, depending on whether the assembly reaction starts with a ss guide followed by the addition of the corresponding ss target strand or a preassembled ds siRNA (0.2 vs. 48 nM; Table 2 ). This finding is remarkable because both complexes are identical in composition but without much doubt differ structurally. Binding of a siRNA might initially lead to a complex with both ends of the nucleic acid fixed to the Mid and PAZ domain, similar to what we propose for a ss guide; in this respect, the upper row in Scheme 1 (binary complex formation) holds true for both substrates.
Surprisingly, the observed target RNA cleavage rate of ∼0.0004 s −1 is very slow, which immediately raises the question of whether the chemical step could be rate limiting. Unfortunately, we have not been able to directly measure the pre-steady-state cleavage rate (equivalent to k +7 in Scheme 1). Currently, the achievable burst amplitude is simply too small, rendering an accurate measurement technically impracticable. Attempts to boost this amplitude by drastically increasing substrate concentration triggered protein aggregation and thus turned out unsuccessful.
To the best of our knowledge, HIV-1 reverse transcriptase, comprising a conserved RNase H fold, is the only enzyme the presteady-state rate constant for RNA cleavage has been determined, at a value of ∼10 s −1 (50) . Accordingly, a cleavage rate of this order is conceivable for hAgo as well which leads back to the question of what is the overall rate-limiting step? Although in the past, others proposed product release to be the most likely candidate (23, 24), we provide direct experimental evidence that this, indeed, is the case. This conception is in contradiction to recently published results by Wee et al. (51) . According to this study the rate at which the siRNA, bound to Ago, can form additional base pairs beyond the seed (equivalent to k +3_ter in our model) limits the rate of catalysis. However, it should be considered these authors investigated RISC isolated from eukaryotic cell lines (fly as well as mouse). Furthermore, the different experimental approaches render a direct comparison of the two studies difficult.
Interestingly, during the course of our studies, we realized our hAgo2 preparations could be functionally programmed with ds siRNA. An equivalent observation was recently published for the budding yeast Kluyveromyces polysporus Ago1 (45) . Although the observed amplitude is lower compared with an ss guide RNA, the cleavage rate stays the same. The reduced amplitude could be explained by the fact that the siRNA is likely to be loaded in both possible orientations, whereupon only the correct orientation leads to target cleavage.
In summary, our detailed steady-state and pre-steady-state biochemical data presented are in support of conclusions drawn from static X-ray structures of Tt-Ago, hAgo2, and the so-called "two-state" model originally proposed by Tomari and Zamore (52) . As opposed to the current conception, recombinant hAgo2 can be programmed with ds siRNA. Consequently, our system represents a functional minimal RISC and serves as a true in vitro model system for RNAi. Moreover, the system described is particularly suited to analyze the effects of accessory proteins like Dicer, TRBP, heat-shock proteins, or C3PO on individual substeps of binary as well as ternary complex formation and target RNA cleavage, which are not accessible solely by performing steady-state analysis.
Methods
Protein Expression and Purification. Full-length hAgo2 (GenBank accession no. NP_036286) and hAgo2-PAZ9 (53, 54) were expressed as a GST fusion proteins in Escherichia coli BL21(DE3) harboring a pET41b(+) plasmid coding for hAgo2. After growth to A 600 of 1.0 at 37°C, cells were induced with 1 mM isopropyl-β-D-thiogalactopyranoside and grown for 2 h at 37°C. Cells were lysed by sonication in 50 mM Tris, pH 7.4, 1 mM EDTA, 1 mM PMSF, and 10 mM DTT. hAgo2 was purified by using a XK 16/20 column and glutathione Sepharose High Performance (GE Healthcare) with an elution buffer containing 50 mM Tris, pH 8.0, 20 mM reduced glutathione, and 0.02 mM EDTA. SI Appendix, Fig. S1 shows a representative PAGE analysis of purified hAgo2.
RNA Synthesis, Modifications, and Hybridization. All oligonucleotides were obtained from IBA or Biomers. Sequences of RNAs used for cleavage assays, equilibrium fluorescence titrations, and pre-steady-state stopped-flow measurements are listed in Table 1 . SI Appendix, Fig. S2 shows a graphical illustration of the different fluorescently labeled RNA substrates used in the present study.
In vitro transcription was performed by using a linearized template plasmid containing the desired sequence and the RiboMaxExpress large-scale kit (Promega), followed by phenol/chloroform extraction and ethanol precipitation. Where appropriate, RNAs were 5′-phosphorylated, either with [γ-32 P] ATP (Hartmann) or unlabeled ATP (Fermentas). In all cases, modified RNAs were purified by using Sephadex-G-50 columns (GE Healthcare), phenol/ chloroform extraction, and ethanol precipitation.
For preannealed siRNAs, guide and passenger strands were incubated in equimolar amounts for 5 min at 90°C, followed by incubation for 1 h at 37°C in 15 mM Hepes, pH 7.4, 50 mM KCH 3 COOH, and 1 mM MgCH 3 COOH. Hybridization was tested by native PAGE analysis using fluorescein amidite (FAM)-or radiolabeled RNAs.
mRNA Cleavage Assay. Unless specified, 3.7 μM hAgo2 was incubated with 100 nM ss-guide RNA (as2b) and 2.5 nM radiolabeled target RNA at 37°C for up to 2 h in 10 mM Tris, pH 7.5, 100 mM KCl, 2 mM MgCl 2 , and 1 μg/mL RiboLock RNase Inhibitor (Fermentas). Reactions were stopped by addition of 1 vol 95% formamide, 0.025% (wt/vol) SDS, 0.025% (wt/vol) bromophenol blue, 0.025% (wt/vol) xylene cyanol, 0.5 mM EDTA, followed by PAGE analysis and autoradiography.
Equilibrium Fluorescence Titrations. The binding affinity of recombinant hAgo2 or binary hAgo2/guide RNA complexes in binding buffer (10 mM Tris, pH 7.5, 100 mM KCl, and 0.0 or 0.5 mM MgCl 2 ) to its substrates were determined in a 400-or 700-μL cuvette, where either FAM-labeled substrates (20 nM) Table 2 and SI Appendix, Fig. S12 . Once the binary complex (hAgo2/guide-RNA) is formed, the system undergoes multiple rounds of target binding and cleavage, followed by product release without falling apart. The observed transitions during the catalytic cycle are interpreted structurally as follows: (i ) after formation of a collision complex, (ii ) the target RNA forms Watson-Crick base pairs with the prearranged seed-region of the guide RNA. Extension beyond approximately nucleotide 12 (calculated from the 5′ end of the guide) is restricted due to anchoring of the 3′ end of the guide within the PAZ domain. (iii ) Accordingly, for completion of guide and target hybridization, the 3′ end of the guide needs to be released from the PAZ domain. This release likely represents the rate-limiting step of the formation of a cleavage-competent complex. The model implies that during the catalytic cycle there is consecutive guide 3′ end binding to and release from the PAZ domain.
target RNA (s2b BHQ ), and change in fluorescence signal was recorded by using the FluoroMax-3 fluorescence spectrometer (Horiba Jobin Yvon). The samples were excited at 492 nm, and the emission intensity was measured at 520 nm. Slits were set to 1 nm. The experimental data were fitted to a quadratic equation by using the program We found that oligonucleotide binding depends on the presence of magnesium ions. Therefore, for protein preparations that did not bring along sufficiently enough magnesium ions, we added a saturating concentration of 0.5 mM MgCl 2 to the binding buffer. This concentration is still sufficiently low to prevent oligonucleotide hydrolysis, which requires a concentration of >1.0 mM MgCl 2 .
Pre-Steady-State Stopped-Flow Measurements. In the case of binary complex formation (hAgo2 and siRNA substrates), 20 nM fluorophore-labeled guide RNA or siRNA was rapidly mixed in binding buffer with hAgo2 (300-800 nM), and the change in fluorescence signal was recorded over time by using the stopped-flow instrument SX20 (Applied Photophysics). For the dissociation of binary complexes, 20 nM fluorophore-labeled guide RNA was preincubated with 300 nM hAgo2 and then rapidly mixed with a 100-fold excess of nonlabeled competitor RNA. Excitation of the FAM-labeled RNAs was at 492 nm with slits set to 1 mm (equivalent to a wavelength bandwidth of 4.65 nm) and detection was performed through a filter with a cutoff at 530 nm.
In the case of ternary complex formation (hAgo and guide/target RNA substrates), 20 nM guide RNA (as2b FAM or s2b) was preincubated with 600 nM hAgo2 in binding buffer and then rapidly mixed with target RNA (s2b BHQ , s2b or as2b FAM ; 20-60 nM), and the change in fluorescence signal was recorded over time. For the dissociation of ternary complexes, 20 nM guide RNA (as2b FAM ), 600 nM hAgo2, and 60 nM target RNA (s2b) were preincubated and then rapidly mixed with a 33-fold excess of nonlabeled competitor guide RNA. The change in fluorescence signal was recorded over time by using either the stopped-flow instrument SX20 or the FluoroMax-3 fluorescence spectrometer.
In all cases, reaction rates k +n and k -n were calculated by fitting the experimental data to an exponential equation by using the program GraFit 5: Fluorescence = ∑A n *exp(−k n *t), where A n is the amplitude corresponding to the observed phase, k n is the rate constant of the observed phase, and t is the time.
